A series of Mo x -Fe/beta catalysts with constant Fe and variable Mo content were synthesized and investigated for selective catalytic reduction (SCR) of NO x with NH 3 . It was found that the Mo 0.2 -Fe/beta catalyst exhibited excellent activity, N 2 selectivity and preferable resistance to H 2 O and SO 2 . The Mo xFe/beta catalysts were characterized by various analytical techniques. TEM and SEM images showed that the addition of Mo could enhance the dispersion of iron oxides. The results of NH 3 -TPD and Py-IR indicated that the introduction of Mo resulted in a change of Brønsted acidity, which was associated with high-temperature SCR activity. XPS and XANES results showed that the introduction of Mo resulted in a change of Fe 2+ content, which determined the low-temperature activity. DFT calculations showed the strong effects of Mo on the crystal structure, charge distribution and oxygen vacancy formation energy of iron oxides, which further explained the role of Mo in the catalyst behaviors during the SCR process.
Introduction
Nitrogen oxides such as NO, NO 2 and N 2 O 5 (NO x ), originating from mobile and stationary sources, have been a major kind of air pollution. Due to numerous environmental issues (e.g. acid rain, photo chemical smog, ozone depletion and greenhouse effect) and serious harm to human health resulting from NO x , stringent regulations and great efforts have been made to conne NO x emissions.
1,2 Nowadays, selective catalytic reduction with ammonia (NH 3 -SCR) is regarded as one of the most effective technologies for the removal of NO x .
3
In recent years, zeolite-based catalysts promoted by transition metals have attracted much attention for NH 3 -SCR. 4, 5 Different zeolite materials, such as MOR, 6 MFI, 7 CHA, 8 and beta 9 loaded with various transition metals have been investigated extensively on the SCR of NO with NH 3 . Among these zeolitebased catalysts, Fe-based catalysts exhibited excellent activity as an attractive candidate for SCR reaction. 10, 11 He et al. 12 reported Fe-ZSM5 catalysts exhibited a ne low-temperature activity, and conclude that Fe 2+ species are the active sites for NH 3 -SCR. Nedyalkova et al. 13 suggested that the presence of Fe
2+
should promote the NH 3 -SCR reaction at low temperatures. Further, they proposed that the capability of Fe 2+ to interact with NO should be a key for high NH 3 -SCR activity at low temperatures. On the other hand, Long et al. 14 suggested that Fe 3+ should enhance oxidation of NO to NO 2 and thus increase SCR activity at high temperature. Devadas et al. 15 showed that the role of Fe 3+ was to oxidize NO to NO 2 at the high temperature, which was the rate-determining step for NH 3 
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A study from Kobayashi et al. 17 showed WO 3 -TiO 2 catalysts possess a larger surface area and higher Brønsted acidity with the increasing of WO 3 loading. WO 3 -TiO 2 catalysts exhibit higher SCR activity at high temperatures, which is mainly attributed to the higher Brønsted acidity. Thus, Brønsted acidity is another factor on the high-temperature performance of NH 3 -SCR reaction. It is viable to introduce an extra metal ion to regulate the Fe 2+ content and Brønsted acidity, which can further enhance catalytic activity of Fe-based catalysts from low to high temperature. Molybdenum has been proved to be a promoter to enhance the surface acidity and the amount of active sites, and it has been widely used for oxide catalysts. For example, Liu et al.
reported that the role of MoO 3 is to promote the formation of Brønsted acidity, which contributes to the adsorption and activation of NH 3 on the catalyst surface, resulting in the higher activity of Ce-MoO 3 /TiO 2 . Ding et al. 19 proposed that the addition of Mo inhibit the growth of CeO 2 particle size, improve the redox ability and increase the amount of surface acidity. It is favorable for the improvement of NH 3 -SCR performance.
In the present study, beta zeolite supported constant iron content and variable molybdenum amounts were prepared by a successive incipient-wetness impregnation. It was found that the addition of Mo showed a noticeable promoting effect on the activity of Fe/beta for NH 3 -SCR reaction at a wide temperature range. The effect of Mo on morphology of catalysts, Brønsted acidity and Fe 2+ content was thoroughly studied. Furthermore, DFT calculations illustrate that the introduction of Mo results in the variation of Fe valence and affects the oxidation of NO to NO 2 . At the microscopic level, the interaction of iron and molybdenum, the oxygen vacancy formation energy and electronic properties of catalyst have been also investigated.
Experiment and calculation details

Catalyst preparation
Mo x -Fe/beta catalysts were prepared by a successive incipientwetness impregnation method using H-beta zeolite as the support. 
Catalyst characterization
Powder X-ray diffraction (XRD) pattern was recorded on a Bruker D8 advance system with Cu K a (l ¼ 0.15406 nm) radiation at 40 kV and 10 mA in the 2q range of 5-70 .
The surface morphology of the catalyst was collected by eld emission scanning electron microscopy (FESEM) on a Quanta 200F instruments using accelerating voltages of 5 kV, in combination with an EDAX genesis 4000 energy-dispersive X-ray spectrometer (EDX).
The element content of as-prepared materials was determined by a Varian 715-ES inductively coupled plasma-atomic emission spectrometer (ICP-AES).
Transmission electron microscopy (TEM) micrographs were performed on a JEOL JEM-F20 electron microscope equipped with a eld emission source operating at 200 kV. The average particle diameter was calculated from the mean diameter frequency distribution with the formula:
Where, n i is the number of particles with particle diameter d i in a certain range. The elemental local and mapping analyses were recorded by energy dispersive spectroscopy (EDS) using a Tecnai F20 electron microscope.
Temperature-programmed desorption of ammonia (NH 3 -TPD) measurement was carried out on a conventional ow apparatus. Prior to measurement, 0.1 g of sample was pretreated in N 2 gas (30 mL min À1 ) at 600 C for 0.5 h and then cooled down to room temperature. Next, the sample was exposed to a mixed gas (10% NH 3 /N 2 ) ow of 30 mL min À1 for 0.5 h to ensure the sufficient adsorption of NH 3 . Before desorption, the sample was ushed in N 2 gas for 1.5 h. Subsequently, NH 3 desorption was performed in the range of 100-700 C at a heat- X-ray photoelectron spectroscopy (XPS) experiment was conducted on a PerkinElmer PHI-1600 ESCA spectrometer equipped with Mg K a (hn ¼ 1253.6 eV) radiation. The binding energy was determined referenced to the C 1s peak of contaminant carbon (BE ¼ 284.6 eV).
X-ray absorption near edge structure (XANES) spectra at Fe L3-edge (706.8 eV) were recorded in total electron yield mode on the BL27SU Beamline at Spring-8 in Japan.
Catalyst activity evaluation
Catalyst activity tests were conducted on a xed-bed quartz micro-reactor at atmospheric pressure. The gas compositions were as follows: 500 ppm NO, 500 ppm NH 3 , 3 vol% O 2 , balance N 2 and the gas ow rate was 500 mL min À1 . The concentration of NO x (NO x ¼ NO + NO 2 ) in the inlet and outlet gas at steadystate was measured using a ue gas analyzer (Model-4000VM, SIGNAL international Ltd., UK), and NH 3 and N 2 O was monitored by a NEXUS 670-FTIR spectrometer. NO x conversion was calculated according to the following equation (eqn (1)).
N 2 selectivity in SCR reaction was calculated by eqn (2)
Calculational details
DFT calculations were performed with the PBE (Perdew-BurkeErnzerhof) 20 function using the Vienna Ab Initio Simulation Package (VASP). 21 The spin-polarized calculations were performed. The projector augmented wave method (PAW) was used to describe the interaction between the ions and the electrons with the frozen-core approximation. 22 The kinetic energy cutoff was 400 eV. All structures were relaxed until the forces acting over each atom were smaller than 0.05 eVÅ À1 and electronic energies were converged within 10 À4 eV. Owing to the 3d Fe electrons, hematite is a strongly correlated system in which Fe d-and O p-orbitals hybridize signicantly. DFT has a strong tendency to delocalize d electrons, resulting in the underestimation of the band gap in metal oxides. 23 The U and J terms describing the Coulomb and exchange interactions are always combined together in the form Fig. S1a and b, † respectively. To achieve perfect stoichiometry, we use a 15-layer slab. The 9 top-layer slabs of the surface are allowed to relax while the other layers beneath the surface are frozen. The repeated slabs are separated from their neighboring images by a 12Å-width vacuum in the direction perpendicular to the surface. We use the primitive rhombohedral unit cell of Fe 2 O 3 with the magnetic conguration (+ À À +) to build Fe terminated surface slab, which is previously proved to be the most favored magnetic conguration for a-Fe 2 O 3 in energy. 28 The calculated magnetic charge density of Fe terminated Fe 2 O 3 (001) surface shows in Fig. S2 . † To test the accuracy of our computational setup, we compared the mesh of k-points (2 Â 2 Â 1 and 3 Â 3 Â 1), and the energy difference was less than 0.02 eV. Thus, the 2 Â 2 Â 1 mesh of k-points is adopted in this calculation.
Results
NH 3 -SCR performance
NO x reduction reactions over pure H-beta, Mo/beta, Fe/beta and Mo x -Fe/beta catalysts were examined at the ow rate of 500 mL min À1 using the feeding gas containing 500 ppm NO, 500 ppm NH 3 and 3% O 2 in the range of 100-600 C. It can be seen from Fig. 1a that NO x conversion changes with the increasing of reaction temperature. For H-beta, the maximum NO x conversion is only 50% in the whole temperature range. For Mo/beta catalysts, NO x conversion increases to approximately 70% at 500 C. However, Fe/beta catalyst exhibits superior activity than When only SO 2 is present in the feed gas, the conversion of NO x decreases obviously, but it is still above 80% and keeps steady for 20 h. When SO 2 is shut off, the SCR activity rises again, but can not reach the initial level. However, the conversion of NO x decreases severely under the coexistence of both SO 2 and H 2 O. The reason may be the deposition of ammonium sulfate on the surface of the catalysts which can block the active sites.
30,31 NO x conversion can still be maintained at approximately 75% during the reaction period. Aer the removal of SO 2 and H 2 O, NO x conversion can be restored to about 80%. The above results suggest that Mo 0.2 -Fe/beta catalyst shows moderate resistance to sulfur and preferable H 2 O tolerance.
The results of XRD
XRD results (Fig. 2) exhibit that the characteristic peaks of all these samples are corresponding to beta zeolite, indicating that the original zeolite structure remains intact. In addition, no diffraction peaks corresponding to a-Fe 2 O 3 (PDF #33-0644) and MoO 3 (PDF #35-0609) crystalline phases are displayed among all catalysts, indicating that iron and molybdenum species were well dispersed on the surface of beta support as amorphous oxides. Iron and molybdenum species were well dispersed on the surface of beta support as amorphous oxides, or aggregated into minicrystals, which too small to be detected by XRD. The following SEM and TEM characterization will give particular structure information.
The results of SEM
SEM was carried out to further insight into the change of the morphology induced by the loading of Mo. Fig. 3a shows SEM image of pure H-beta, which is composed of egg-like aggregates with diameter around 150 nm. No obviously change in the morphology of zeolite is observed aer the incorporation of iron and molybdenum. With the introduction of Fe and Mo (Fig. 3b  and c, respectively) , H-beta grain surfaces are rougher by covered with a "layer". EDX results collected from different regions (Point 1 and Point 2 in Fig. 3b ; Point 3 and Point 4 in Fig. 3c ) exhibit similar compositions. The average iron loadings of 2.87-2.94% wt are detected for Fe/beta and Mo 0.2 -Fe/beta samples (Table 1) , in good agreement with the initial nominal loading amounts. Moreover, no molybdenum element is detected for the Mo 0.2 -Fe/beta sample. It should be due to the fact that the actual Mo loading is much lower than the detection limit. The Mo contents, determined via ICP-AES technique, are 0.07% wt, 0.12% wt, 0.43% wt and 0.87% wt in quality percentage for Mo 0.1 -Fe/beta, Mo 0.2 -Fe/beta Mo 0.5 -Fe/beta and Mo 1 -Fe/beta, respectively.
The results of TEM
TEM images and the size distributions of supported molybdenum and iron species were further studied by HAADF-STEM characterization combining with EDS element-mapping analysis. Fig. 4a shows HAADF-STEM images of Mo 0.2 -Fe/beta together with the elemental mapping images for O, Al, Si, Fe and Mo in the same region. From elemental mapping image of Mo and Fe, it is clearly seen that Mo and Fe species are highly dispersed on the supports. For Fe/beta (Fig. 4b) catalyst, the faintback ground belongs to beta zeolite and the dark spots are Fe oxide nanoparticles. However, the presence of Fe oxide was not detected by XRD due to the small size of the crystallites and their high dispersion. It's noted that the average particle size for Fe oxides signicantly decreased from 4.28 nm for Fe/beta to 3.44 nm for Mo 0.2 -Fe/beta (Fig. 4d) with the increasing of Mo loading amount. It indicates that the addition of Mo could increase the dispersion of Fe species, which played an important role in determining the extent of NO x conversion in the NH 3 -SCR. However, the average particle size of Fe oxide nanoparticles on Mo 1 -Fe/beta (3.96 nm Fig. 4e ) insignicantly grew larger compared with Mo 0.2 -Fe/beta. It can be inferred that proper amount of Mo addition is benecial to the dispersion of Fe species and the activity of catalysts.
The results of TPD
Temperature-programmed desorption of ammonia was performed to determine the catalyst surface acidity. Fig. 5 shows NH 3 -TPD proles of pure H-beta, Fe/beta and Mo x -Fe/beta catalysts. A low-temperature peak (peak L) and a high temperature peak (peak H) can be observed for all samples. The former one is assigned to physically adsorbed NH 3 or ammonium species adsorbed at the weak acid sites. The latter one is attributed to NH 3 strongly adsorbed at the Brønsted acid sites.
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It could be seen peak L has lager area and shis to high temperature with the addition of Fe, indicating that new Lewis acids sites form on the Fe sites. The peak H slightly shis to higher temperature with the increasing of Mo contents from 0 to 0.5%, indicating that Brønsted acidity strengthen gradually. However, the peak H of Mo 1 -Fe/beta catalysts obviously shis to low temperature. The reason is that the excess of Mo aggregates and results in the decrease of Brønsted acidity. Fig. 6 depicts Py-IR spectra of Fe/beta and Mo x -Fe/beta catalysts aer outgassing at specic temperature. In general, the typical bands from pyridine adsorption related to Lewis acid sites (L) can be observed at around 1450 cm
The results of Py-IR
À1
, while the presence of Brønsted acid sites (B) can be seen at around 1540 cm
. 30 As shown in Fig. 6A , the bands at 1540 and 1636 cm À1 can be assigned to C-N stretching of pyridine ions to Brønsted acid sites, while the bands at 1450 and 1607 cm À1 can be assigned to the vibration of pyridine physically adsorbed to Lewis acid sites. The band at 1488 cm À1 is attributed to both B and L acid sites. 30, 33, 34 The intensity of all the bands in Fig. 6B dramatically decreases compared with that in Fig. 6A , indicating that less NH 3 can be adsorbed at high temperature than that at low temperature. The quantitative results of acid amount obtained from Py-IR measurement at 200 and 350 C are summarized in Table 2 . The amounts of Brønsted acid sites increase signicantly with the introduction of Mo. Mo 0.5 -Fe/beta catalysts have the most abundant acid sites among all the catalysts. The excess amounts of Mo (0.1% wt) have a negative effect on the surface acid sites of the catalysts.
The results of H 2 -TPR
The results of H 2 -TPR experiments are displayed in Fig. 7 . H 2 -TPR prole of a-Fe 2 O 3 is also shown and there are four the weakening of the Fe-O bond due to the incorporation of Mo. However, with increasing of Mo loading amounts from 0.2 to 1.0% wt, the reduction peak shis to high temperature. This shows that the excess amount of Mo reduces the redox property of Fe species and the activity of the catalyst.
The results of XPS
XPS results of Fe 2p for Fe/beta and Mo x -Fe/beta catalysts are shown in Fig. 8 3 , which makes it difficult to form oxygen vacancy. A more detailed explanation will be provided based on the DFT calculations in the following sections.
The results of XANES
X-ray absorption near edge spectroscopy (XANES) was further performed in total electron yield mode. The samples were mixed with graphite powders to increase electric conductivity and minimize charging effect. Fe L 3 -edge XANES spectra of the samples are shown in Fig. 9 . Two absorption peaks are observed at 706.8 eV (A 1 ) and 708.8 eV (A 2 ). The splitting feature of Fe L 3 edge comes from the interplay of crystal eld, spin-orbital and electronic interaction. 37 Based on the charge transfer multiplet theory, 38 the peaks at 706.8 and 708.8 eV correspond to the 2p 3/2 3d electron transition for Fe 2+ and Fe 3+ , respectively. The energy locations are consistent with the results reported by Yang. amounts, which is in agreement with XPS results.
DFT calculations
In this work, XRD and SEM results show that the original beta zeolite structure is not destroyed with the addition of Fe and Mo. Additionally, H-beta catalysts show rather inferior activity in NH 3 -SCR compared with Fe/beta and Mo x -Fe/beta catalysts. Therefore, it is reasonable that beta zeolite is shown to be as the support and Fe 2 O 3 model is used to represent Fe/beta for simplicity. MoO 3 is considered as the most stable existence form of Mo on the surface of Fe 2 O 3 by our calculation. The detailed structure information is shown in Fig. S3 and Table S1 , † respectively. The charge density difference plot (Fig. 10) 
Discussions
With the introduction of Mo, the particle size for Fe oxides and the activity of catalysts change obviously. Mo 0.2 -Fe/beta catalysts exhibit the minimum particle size and favorable SCR performance. It can be concluded that Mo plays an important role in inuencing the particle size of iron species and the catalytic performance, which is consistent with previous report. 40 In bimetallic catalysts, the introduction of a second metal is found to suppress the aggregation of monometals.
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In this work, the smaller iron oxides can exist stably due to the anchor of Mo 6+ on the iron phase, and then disperse well on the zeolite. However, the average particle size of Fe oxides becomes bigger with the further increasing of Mo loading amounts. It could be due to the formation of crystalline Mo oxides, 42 which fail to disperse Fe species and reduce the activity of catalysts.
NH 3 -TPD and Py-IR result show that the strength of Brønsted acidity enhance with an increase of Mo loading. Brønsted acid sites are considered to be associated with Mo-OH groups 41, 43 except that on the beta zeolite. However, Brønsted acidity begins to decrease when Mo loading amounts is above 0.5% wt. An obvious variation of Brønsted acidity can be observed: Mo 0.5 -Fe/beta > Mo 0.2 -Fe/beta > Mo 0.1 -Fe/beta > Mo 1 -Fe/beta > Fe/beta. The order is in line with that of hightemperature activity. The strong Brønsted acidity results in excellent NH 3 adsorption ability, which is benecial to improving the high-temperature SCR performance. 44 However, no relation between low-temperature activity and Brønsted acidity is observed. At low temperature more acid sites exist on the surface of catalysts than that at the high temperature. Enough NH 3 can be absorbed and reacts with NO x to N 2 . NH 3 adsorption is not a crucial factor for low-temperature SCR performance. On the other hand, less acid Brønsted acid sites exist on the surface of catalyst at high temperature, indicating that less absorbed NH 3 can participate in NH 3 -SCR reaction. Moreover, the part of absorbed NH 3 would also be oxidized to NO x or decomposed to N 2 at high temperature. 45 Therefore, NH 3 adsorption becomes a rate-limiting step and Brønsted acid sites are responsible for high-temperature activity. Mo 0.5 -Fe/beta exhibits the best high-temperature activity, which is attributed to the highest Brønsted acidity.
Based Compared with the low-temperature activity in Fig. 1 translate into Fe 2+ in the vicinity of oxygen vacancy due to the transition of electron. O 2 are adsorbed on the oxygen vacancy and form active chemisorbed oxygen. Chemisorbed oxygen has been considered to be the most active oxygen species and to play an important role in the redox reaction. 30 As for low-temperature NH 3 -SCR reaction, the chemisorbed oxygen more easily binds with NO molecule than lattice oxygen to form NO 2 .
46 NO oxidation is considered as one of the key reactions in the standard SCR and has been proposed to be the rate determining step in the literature.
47-50 The formed NO 2 species then react with adsorbed NH 3 species on the adjacent Brønsted acid sites to form NH 4 NO 3 , 51 which further decomposes to N 2 and H 2 O. A Langmuir-Hinshelwood mechanism, 52 which considers the NH 3 adsorption on acidic sites and the NO oxidation on Fe sites, is proposed. Therefore, high concentrations of chemisorbed oxygen is benecial for NO x reduction due to an increased rate of NO to NO 2 oxidation. 53 Mo 0.2 -Fe/beta catalyst exhibits the best low-temperature performance for the increased oxygen vacancy, which is caused by the introduction of Mo. 
Conclusions
